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BACK6t$QUND OF THgiNVfeNflQN, r ... { 
Computer syst^st^ art. 
35 Typiqa (ly such systems include a central processing unit (GPU), persistent read 
only memory (ROM), random access memory (RAM), at least one bus 



interconnecting the CPU, the memory, at least one input port to which a device 
is coupled input data and commands, and typically an output port to which a 
monitor is coupled to display results. Traditional techniques for inputting data 
have included use of a keyboard, mouse, joystick, remote control device, 
5 electronic pen, touch panel or pad or display screen, switches and knobs, and 
more recently handwriting recognition, and voice recognition. 

Computer systems and computer-type systems have recently found their way 
into a new generation of electronic devices including interactive TV, set-top 
1 0 boxes, electronic cash registers, synthetic music generators, handheld portable 
devices including so-called personal digital assistants (PDA), and wireless 
telephones. Conventional input methods and devices are not always appropriate 
or convenient when used with such systems. 

15 For example, some portable computer systems have shrunk to the point where 
the entire system can fit in a user's hand or pocket. To combat the difficulty in 
viewing a tiny display, it is possible to use a commercially available virtual display 
accessory that clips onto an eyeglass frame worn by the user of the system. The 
user looks into the accessory, which may be a 1" VGA display, and sees what 

20 appears to be a large display measuring perhaps 15" diagonally. 

Studies have shown that use of a keyboard and/or mouse-like input device is 
perhaps the most efficient technique for entering or editing data in a companion 
computer or computer-like system. Unfortunately it has been more difficult to 

25 combat the problems associated with a smaller size input device, as smaller 
sized input devices can substantially slow the rate with which data can be 
entered. For example, some PDA systems have a keyboard that measures 
about 3" x 7". Although data and commands may be entered into the PDA via 
the keyboard, the entry speed is reduced and the discomfort level is increased, 

30 relative to having used a full sized keyboard measuring perhaps 6" x 12". Other 
PDA systems simply eliminate the keyboard and provide a touch screen upon 
which the user writes alphanumeric characters with a stylus. Handwriting 
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resemble the user's fingers. Further, each frame of video acquired by Korth, 
typically at least 100 pixels x 100 pixels, only has a grey scale or color scale 
code (typically referred to as RGB). Limited as he is to such RGB value data, a 
microprocessor or signal processor in a Korth system at best might detect the 
contour of the fingers against the background image, if ambient lighting 
conditions are optimal. 

The attendant problems are substantial as are the potential ambiguities in 
tracking the user's fingers. Ambiguities are inescapable with Korth's technique 
because traditional video cameras output two-dimensional image data, and do 
not provide unambiguous information about actual shape and distance of objects 
in a video scene. Indeed, from the veyrtage .Roint of Korth's video camera, it 
would be very difficult to detect typing motions along the axis of the camera lens. 
Therefore, multiple cameras having different vantage points would be needed to 
adequately capture the complex.keying motions. Also> as suggested by Korth's 
Fig. 1 , it can be difficult merely to acquire an unobstructed view of each finger on 
a user's hands, e.g., acquiring an image of the right forefinger is precluded by the 
image-blocking presence of the right middle finger, and so forth. In short, even 
with good ambient lighting and a good vantage point for his camera; Korth's 
method still has many shortcomings, including ambiguity as to what row on a 
virtual keyboard a user's fingers is touching. 

In an attempt to gain depth information, the Korth approach may be replicated 
using multiple two-dimensional video cameras, each aimed toward the subject 
of interest from a different viewing angle. Simple as this proposal sounds, it is 
not practical. The setup of the various cameras is cumbersome and potentially 
expensive as duplicate cameras are deployed. Each camera must be calibrated 
accurately relative to the object viewed, and relative to each other. To achieve 
adequate accuracy the stereo cameras would like have to be placed at the top 
left and right positions relative to the keyboard. Yet even with this configuration, 
the cameras would be plagued by fingers obstructing fingers within the view of 
at least one of the cameras. Further, the computation required to create three- 
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meaningful three-dimensionally acquired information as to what user's finger 
touched what key (or other symbol) on the virtual input device, in what time 
sequence, preferably without having to use multiple image-acquiring devices. 
Preferably such system should include signal processing such that system output 
5 can be in a scan-code or otherformat directly useable as input by the companion 
computing system. Finally, such system should be portable, and easy to set up 
and operate 

The present invention provides such a method and system. 

SUMMARY OF THE INVENTION 
The present invention enables a user to input commands and data (collectively, 
referred to as data) from a passive virtual emulation of a manual input device to 
a companion computer system, which may be a PDA, a wireless telephone, or 

15 indeed any electronic system or appliance adapted to receive digital input 
signals. The invention includes a three-dimensional sensor imaging system that 
functions even without ambient light to capture in real-time threerdimensional 
data as to placement of a user's fingers on a substrate bearing or displaying a 
template that is used to emulate an input device such as a keyboard, keypad, or 

20 digitized surface. The substrate preferably is passive and may be a foldable or 
Tollable piece of paper or plastic containing printed images of keyboard keys, or 
simply indicia lines demarking where rows and columns for keyboard keys would 
be. The substrate may be defined as lying on a horizontal X-Z plane where the 
Z-axis define template key rows, and the X-axis defines template key columns, 

25 and where the Y-axis denotes vertical height above the substrate. If desired, in 
lieu of a substrate keyboard, the invention can include a projector that uses light 
to project a grid or perhaps an image of a keyboard onto the work surface in front 
of the companion device. The projected pattern would serve as a guide for the 
user in 'typing" on this surface. The projection device preferably would be 

30 included in or attachable to the companion device. 
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the repetition rate of emitted optical pulses is slowed to perhaps 1 to perhaps 10 
pulses per second, to conserve operating power, an important consideration if 
the invention is battery powered. As such, the invention will emit relatively few 
pulses but can still acquire image data, albeit having crude or low Z-axis 
5 resolution. In alternate methods for three-dimensional capture, methods that 
reduce the acquisition frame rate and resolution to conserve power may be used. 
Nonetheless such low resolution information is sufficient to at least alert the 
present invention to the presence of an object within the imaging field of view. 
When an object does enter the imaging field of view, a CPU that governs 

1 0 operation of the present invention commands entry into a normal operating mode 
in which a high pulse rate is employed and system functions are now operated 
at fjLill .ppyyer. To preserve operating power, when the user's finger^,.Qr k Qiher 
potentially relevant object is removed from the imaging field of view, the present 
invention will power down, returning to the standby power mode. Such powering 

15 down preferably also occurs when it is deemed that relevant objects have 
remained at rest for an extended period of time exceeding a time threshold. 

Assume that now the user has put his or her fingers on all of the home row keys 
(e.g., A, S, D, F, J, K, L, :) of the virtual keyboard (or if no virtual keyboard is 

20 present, on a work space in front of the companion device with which the 
invention is practiced). The present invention; already in full power modewill now 
preferably initiate a soft key calibration in which the computer assigns locations 
to keyboard keys based upon user input The user's fingers are placed on 
certain (intended) keys, and based on the exact location of the fingers, the 

25 software assigns locations to the keys on the keyboard based upon the location 
of the user's fingers. 

The three-dimensional sensor system views the user's fingers as the user "types" 
on the keys shown on the substrate template, or as the user types on a work 
30 space in front of the companion device, where "keys" would normally be if a real 
keyboard were present. The sensor system outputs data to the companion 
computer system in a format functionally indistinguishable from data output by 
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invention also differentiates between impact time among different competing 
fingers on the keyboard or other work surface. Preferably such differentiation is 
accomplished by observing X-axis, Y-axis data values at a sufficiently high frame 
rate, as it is Y-dimension timing that is to be differentiated. Z-axis observations 
5 need not discriminate between different fingers, and hence the frame rate can 
be governed by the speed with which a single finger can move between different 
keys in the Z-dimension. Preferably the software routine provided by the 
invention averages Z-axis acquired data over several frames to reduce noise or 
jitter. While the effective frame rate for Z-values is decreased relative to effective 
1 0 frame rate for X-values and for Y-values, accuracy of Z-values is enhanced and 
a meaningful frame rate of data acquisition is still obtained. 

The software routine can permit the user to toggle the companion computer 
system from say alphanumeric data input mode to graphics mode simply by 
15 "typing" on certain key combinations, perhaps simultaneously pressing the 
Control and Shift In graphics mode, the template would emulate a digitizer table, 
and as the user dragged his or her finger across the template, the (Z, X) locus 
of points being contacted would be used to draw a line, a signature, or other 
graphic that is into the companion computer system. 

20 

Preferably a display associated with the companion computer system can display 
alphanumeric or other data input by the user substantially in real-time. In 
addition to depicting images of keyboard keys and fingers, the companion 
computer system display can provide a block cursorthat shows the alphanumeric 

25 character that is about to be entered. An additional form of input feedback is 
achieved by forming a resilient region under some or all of the keys to provide 
tactile feedback when a "key" is touched by the user's fingers. If a suitable 
companion device were employed, the companion device could even be 
empjoyed to enunciate aloud the names of "typed" keys, letter-by-letter, e.g., 

30 enunciating the letters V- U a"-T as the word "cat" was typed by a user. A 
simpler form of acoustic feedback is provided by having the companion device 
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FIG. 1 B depicts a three^imensiorial sensor system thaff&lff ISi tilef^thout a 
substrate keyboard template, according to the present invention; 
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three-dimensional sensor system with which the present invention may be 
practiced; 



FIG. 5 depicts contour recognition of a user's fingers, according to the present 
5 invention; 

FIG. 6 depicts use of staggered key locations in identifying a pressed virtual key, 
according to the present invention; 

10 FIGS. 7A-70 depict cluster matrices generated from optically acquired three- 
dimensional data for use in identifying user finger location, according to the 
present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 
15 Fig. 1A depicts a three-dimensional sensor system 10. comprising a three- 
dimensional sensor 20 focused essentially. edge-dn towards-the fingers 30 of a 
user's hands 40, as the fingers "type" on a substrate 50, shown here atop a desk 
or other work surface 60. Substrate 50 preferably bears a printed or projected 
template 70 comprising lines or indicia representing a data input device, for 
20 example a keyboard. As such, template 70 may have printed images of 
keyboard keys, as shown, but it is understood the keys are electronically passive, 
and are merely representations of real keys. Substrate 50 is defined as lying in 
a Z-X plane in which various points along the X-axis relate to left-to-right column 
locations of keys, various points along the Z-axis relate to- front-to-back row 
25 positions of keys, and Y-axis positions relate to vertical distances above the Z-X 
plane. It is understood that (X,Y,Z) locations are a continuum of vector positional 
points, and that various axis positions are definable in substantially more than 
few number of points indicated in Fig. 1A. 

30 If desired, template 70 may simply contain row lines and column lines demarking 
where keys would be present. Substrate 50 with template 70 printed or 
otherwise appearing thereon is a virtual input device that in the example shown 
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desired to input data. If a virtual keyboard is used, it preferably may be folded 
or rolled when not in use. The folded or rolled size may be made sufficiently 
small to be stored with the PDA or other companion computer system 80, with 
which it will be used to input data and commands. For example, when folded a 
5 keyboard may measure perhaps 2.5" x 3", and preferably at least smaller than 
say 8" x 8". A virtual keyboard for a PDA might have a folded form factor sized 
to fit within a pocket at the rear of the PDA. However when in used, the virtual 
keyboard is unfolded or unrolled to become an essentially full sized albeit virtual 
keyboard. 

10 

As the user inputs data into companion system 80, the display 90 that typically 
is present on system 80 can display in real-time the data being input 100 from 
the virtual keyboard, for example, text that might be input to a PDA, e-mail that 
might be input to a wireless telephone, etc. In one embodiment, a block cursor 

15 102 surrounds a display of the individual alphanumeric character that the 
invention perceives is about to be typed-, the letter "d" in- Fig-. 1A, for example. 
This visual feedback feature can help a user confirm accuracy of data entry and 
perhaps provide guidance in repositioning the user's fingers to ensure the 
desired character will be typed. Acoustic feedback such as "key clicks" can be 

20 emitted by system 80 as each virtual key is pressed to provide further feedback 
to the user. If desired, passive bumps 1 07 may be formed in the virtual keyboard 
to give the user tactile feedback. By way of example, such bumps may be 
hemispheres formed under each "key" in a virtual keyboard fabricated from a 
resilient plastic, for example. 

25 

As noted, visual, feedback may also, or instead, be provided by displaying an 
image of the virtual keyboard (be it a substrate or an empty work surface in front 
of the companion device) on the screen of the companion device. As the user 
types, he or she is guided by an image of a keyboard showing the user's fingers 
30 as they move relative to the virtual keyboard. This image can include highlighting 
the keys directly under the user's fingers, and if a key is actually pressed, such 
key can be highlighted in a different color or contrast. If desired, the screen of 
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a key is "touched" or the user's finger is sufficiently close to "touching" a key 
(e.g., location on surface 60 at which such key would be present if a keyboard 
were present), device 80 can highlight the image of that key (e.g., display the 
relevant "softkey"), and as the key is "pressed" or "typed upon", device 80 can 
5 highlight the key using a different color or contrast. For example in Fig. 1 C, the 
"Y" key is shown highlighted or contrasted, which can indicate it is being touched 
or is about to be touched, or it is being pressed by the user's left forefinger. As 
shown in Fig. 1 D, a split screen display can be provided by device 80 in which 
part of the screen depicts imagery to guide the user's finger placement on a non- 

1 0 existent keyboard, whereas another part of the screen shows data or commands 
100 input by the user to device 80. Although Fig. 1D shows text that 
, ( . % corresponds to what is being typed, e.g., the letter "Y" in the .word "key" is 
highlighted as spelling of the word "key" on screen 90 is completed, data 100 
could instead be a graphic. For example, the user can command device 80 to 

1 5 enter a graphics mode whereupon finger movement across surface 60 (or across 
a virtual keyboard 70) will produce a graphic, for example, the user's signature 
"written" with a forefinger or a stylus on surface 60. Collectively, user finger(s) 
or a stylus may be referred to as a "user digit". 

20 Optionally software associated with the invention (e.g., software 285 in Fig. 3) 
can use word context to help reduce "typing" error. Assume the vocabulary of 
the text in a language being input is known in advance; English for example. 
Memory in the companion device will store a dictionary containing most 
frequently used words in the language and as the user "types" a word on a virtual 

25 keyboard or indeed in thin air, the companion device software will match letters 
thus far typed with candidate words from the dictionary. For instance, if the user 
enters "S", all words starting with letter "S" are candidates; if the user enters 
"SU", all words starting with "SU" are candidates. If the user types IM SZ" then, at 
least in English, there will be no matching candidate word(s). As the user types 

30 more letters, the set of candidate words that can match the word being typed 
reduces to a manageable size. At some threshold point, for instance when the 
size of the candidate words reduces to 5-10 words, the software can assign a 
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probability to the next letter to be typed by the user For instance, if the user has 
&;: 4 ^ entered "SUBJ", there Is a higher probability that the next letter is the letter "E| 

f ^ ? , f rather than say the fetter "W'V: But since, letters ^E'^iid "W" are neighbors on a 

■ , ■ ' - > • . " • - J : - ■ - ■■ ; V>v : -{\ : .• .v ■: , 

-r- real of virtual keyboard, (l;j$£^3)l$^M : #r9JiJ8er.jmignt.pjrdd.$ Ifoe. regi6d;he# 

w ?v ^ ttie key for the letter *W\ In this example; cornpanion devjc6 software c^jrbe 
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Fig. 3 is a block diagram depicting an exemplary three-dimensional image sensor 
system 200 that preferably is fabricated on a single CMOS IC 21 0. System 200 
may be disposed in the same housing as three-dimensional sensor 20, and is 
used to implement the present invention. As described in greater detail in co- 
5 pending U.S. application serial number 09/401,059, incorporated herein by 
reference, such a system advantageously requires no moving parts and relatively 
few off-chip components, primarily an light emitting diode (LED) or laser source 
220 and associated optical focusing system, and if suitable shielding were 
provided, one might bond laser source 220 onto the common substrate upon 
1 0 which IC 21 0 is fabricated. It is to be understood that while the present invention 
is described with respect to a three-dimensional sensor 20 as disclosed in the 
above-refecgpQgctPO-pending U.S. utility patent application, the invention may be. 
practiced with other three-dimensional sensors. 

15 System 200 includes an array 230 of pixel detectors 240, each of which has 
dedicated circuitry 250 for processing detection* charge' dutput by the associated 
detector. In a virtual keyboard recognition application, array 230 might include 
15x100 pixels and, a corresponding 15x100 processing circuits 250, Note that 
the array size is substantially less than required by prior art two-dimensional 

20 video systems such as described by Korth. Whereas Korth requires a 4:3 aspect 
ratio or perhaps in some cases 2:1, the present invention obtains and processes 
data using an aspect ratio substantially less than 3:1 , and preferably about 2:15 
or even 1:15. Referring to Figs. 1A and 1B, it is appreciated that while a 
relatively large X-axis range must be encompassed, the edge-on disposition of 

25 sensor 20 to substrate 50 means that only a relatively small Y-axis distance need 
be encompassed. 

During user typing, a high frame rate is required to distinguish between the user's 
various fingers along a row of virtual keys. However, the back and forth 
30 movement of a given typing finger is less rapid in practice. Accordingly the rate 
of acquisition of Z-axis data may be less than X-axis and Y-axis date, for 
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example 1 0 frames/second forZ-axis data, and 30 frames/second for X-axis and 
/• ■ for Y-axis data \, \ - ,\ • •'- — '-i 

-t?v* A' practical advantage of ,a; decreased Z-axis frame irate is that less electrical 
^ 5 >f cdrreht is reguired by th^ present jnvfentipfi in obtaining !<ifeyboard finger position 

te6*ratf r- * nfpj^atiqiic : ; .^^eej', m„ signal 4>ro$§§$irfg' -^yTm4^nfprmSflon,' the present 

w fta . ; .wj!l have noise or jitter that can be reduced, by averagingr-'ForexarripieZryalues 



• the effective frame-rate for Z-values is lowered t#^^|tii£l^^|IOj4G|s^ion-Tate 
for X-axis and Y-axis data acquisition, accuracy of the Z data is ihiproved by 
bno^EVl^^i^^^e^lS^ 8 ^^ ttt©^ ^h^resultantdeer^as^ldfZ^axis^f ^m#1^te?is still 
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relative to the substrate, or if the substrate is absent, relative to where virtual 
keys would be if a keyboard were on the work surface in front of the companion 
device 80. Exemplary techniques for doing so are described in applicant Bamji's 
earlier referenced co-pending U.S. patent application. Constructing such a three- 
5 dimensional image from time-of-flight data is superior to prior art methods that 
attempt to guess at spatial relationships using two-dimensional luminosity based 
data, e f g., as suggested by Korth. It should be noted that time of flight methods 
may include return pulse time measurement, phase or frequency detection, or 
a high speed shutter method, as described in the Bamji patent application. Other 
10 methods that do not rely on time-of-flight can capture three-dimensional data, 
including stereo imagery, and luminosity-based techniques that discern depth 
from reflective intensity. ^ 

In practice, array 230 can acquire and generate data at 30 frames/second, a 
15 frame rate sufficient to process virtual typing of 5 characters/second, which is 
about 60 words/minute. If array 230 is rectangular, e.g., comprising a number 
n of X-axis pixels and a number m Y-axis pixels, if n=1 00 and m =15, then a grid 
comprising 1 ,500 pixels is formed. For each frame of data, each pixel in array 
230 will have a value representing the vector distance from sensor 20 to the 
20 surface of the object (e.g., a portion of a user's finger, a portion of the substrate, 
etc.) captured by that pixel, e.g., a vector or Z-value. This data is far more useful 
than Korth's luminosity-based image data that at best provided video frames with 
RGB grey or color scale values in determining the contour of a user's fingers and 
location on a virtual keyboard, in two dimensions. 

25 

Use of acquired three-dimensional data permits software 285 to determine the 
actual shape of the user's fingers (nominally assumed to be somewhat 
cylindrical), and thus relative finger position with respect to other fingers., to 
location over or on the substrate, and relative to three-dimensional sensor 20. 
30 In Fig. 1 A, for example, as a finger is sensed to be moving to a Y=0 position, it 
can be determined that the finger is probably preparing to type a virtual key. If 
that finger is also sensed to be approaching the Z=21 region, then that finger is 
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probably prepared to type a virtual key in the first row of keys on the virtu 
keyboard, Determination of whether a virtual key is about to be pressed also*, 
takes into account velocity, data;. For example, a user finger detected to be 
-_■ moving rapidly downward toward Y=0 is probably getting ready io^trU^^j^$r- 
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junction. Well-to-substrate photodiodes are more sensitive to infrared (IR) light, 
exhibit less capacitance, and are thus preferred. 

As shown in Figs. 3 and 4, a circuit 250 is associated with each pixel detector 
240. Each circuit 250 preferably includes a pulse peak detector 310, a high 
speed counter 320, and has access to the high speed clock 290. Preferably 
formed on IC 210, high speed clock 200 outputs a continuous train of high 
frequency clock pulses preferably at a fixed frequency of perhaps 500 MHz, 
preferably with a low duty cycle as the pulses are output. Of course, other high 
speed clock parameters could instead be used, this pulse train is coupled to the 
input port of each high speed interpolating counter 320. Counter 320 preferably 
can sub-count, as described in the Bamji pending patent application, and can 
resolve times on the order of 70 ps. Preferably each counter 320 also has a port 
to receive a START signal (e.g., start now to count), a port to receive a STOP 
signal (e.g., stop counting now), and a port to receive a CONTROL signal (e.g., 
reset accumulated count now). The CONTROL and START signals are available 
from controller.260, the CLOCK signal is available from clock unit 290, and the 
STOP signal is available from pulse peak detector 310. 

Virtual, keyboard-50 will be placed perhaps 20 cm distant from three-dimensional 
sensor 20, substantially in the same plane as the sensor lens. Since a typical 
sensor lens angle is perhaps 60°, a 20 cm distance ensures optical coverage of 
the virtual keyboard. In Fig. 3, for ease of illustration the distance between 
sensor 20 light emissions and collected light has been exaggerated. 

In overview, system 200 operates as follows. At time to, microprocessor 260 
commands light source 220 to emit a pulse of light of known wavelength, which 
passes through focus lens 288' and travels at the speed of light (C), 300,000 
km/sec. toward objects of interest, e.g., substrate 50 and user's fingers 30. If 
light source 220 is sufficiently powerful, lens 288' may be dispensed with. At the 
surface of the object being imaged at least some of the light may be reflected 
back toward system 200 to be sensed by the detector array. In Fig. 3, the 
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objects of interest are the fingers 30 of a user's hand, and, if present, substrate 
; 50, which as noted ma / include viewable indicia such as keSyboard keys 70 pr 
.^..^ perhaps projected grid lines, to guide the user in fingerplacement while "typing 0 . 

A ,5 , As was indicated by~ Fig! 1 A, the position of virtual keys 70 (or otHen user 
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Assume that one particular pixel detector 240 within array 230 is focused upon 
a nearest surface point on the tip 70 of the nearest user's finger. The associated 
detector 300 will detect voltage that is output by the pixel detector in response 
to the incoming photon energy from such object point. Preferably pulse detector 
5 300 is implemented as an amplifying peak detectorthat senses a small but rapid 
change in pixel output current or voltage. When the rapidly changing output 
voltage is sufficiently large to be detected, logic within detector 300 (e.g., an SR 
flipflop) toggles to latch the output pulse, which is provided as the STOP signal 
to the associated counter 320. Thus, the number of counts accumulated within 
1 0 the associated counter 320 will be indicative of roundtrip TOF to the near portion 
of the fingertip in question, a calculable distance Z1 away. 

Distance Z1 may be determined from the following relationship in which C is the 
velocity of light: 

15 Z1 = O(t1-t0)/2 

At some later time t2 photon energy will arrive at lens 288 from a somewhat more 
distant portion of the user's fingertip, 30, and will fall upon array 230 and be 
detected by another pixel detector. Hitherto the counter associated with this 
other detector has continued to count CLOCK pulses starting from time to, as 

20 indeed have all counters except for the counter that stopped counting at time t1 . 
At time t2, the pulse detector associated with the pixel just now receiving and 
detecting incoming photon energy will issue a STOP command to the associated 
counter. The accumulated count in this counter will reflect roundtrip TOF to the 
intermediate point on the fingertip, a distance Z2 away. Within IC 21 0, controller- 

25 260 executing software routine 285 stored in memory 280 can calculate distance 
associated with the TOF data for each light reflecting point on the object surface. 
Velocity can be calculated by examining successive frames of acquired data. 

In similar fashion, at time t3 yet another pixel detector in the array will detect 
30 sufficient just-arriving photon energy for its associated pulse detector 300 to 
issue a STOP command to the associated counter. The accumulated count in 
this counter represents TOF data for a still farther distance Z3 to the imaged 
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A : ^ object. Although for ease of illustration Fig. 3 shows but three emitted light rays;: 
and light reflections, all falling near one fingertip, in practice substantially all of;: 
;Tg^$ the substrate and user's fingers and thumbs will be subjected to illuminationi ronf: 
light source 220, and will reflect at least some energy into Jens 288 associated 

\ 5* with three-dimensional sensor 20: r\ % > < • 



7 ' %- Son^e Pixels in me anriy may df reflected light#Q:m 
•1^ t ,'me object* point upon' which they are focused. Tjius; after a predetermined 
amount of time' (that may be programmed into controller 260),' the counter 
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surfaces and the substrate in the field of view. In practice, the present invention 
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will process not three but thousands or tens of thousands of such calculations 
per each light pulse, depending upon the size of the array. Such processing can 
occur on IC chip 210, for example using microprocessor 260 to execute routine 
285 stored (orstorable) in ROM 280. Each of the pixel detectors in the array will 
5 have unique position locations on the detection array, and the count output from 
the hjgh speed counter associated with each pixel detector can be uniquely 
identified. Thus, TOF data gathered by two-dimensional detection array 230 may 
be signal processed to provide accurate distances to three-dimensional object 
surfaces, such as a user's fingers and a substrate. It will be appreciated that 
10 output from CMOS-compatible detectors 240 may be accessed in a random 
manner if desired, which permits outputting TOF DATA in any order. 

v. 

Light source 220 is preferably an LED or a laser that emits energy with a 
wavelength of perhaps 800 nm, although other wavelengths could instead be 

15 used; Below 800 nm wavelength, emitted light starts to become visible and laser 
efficiency is reduced. Above 900 nm CMOS sensor efficiency drops off rapidly, 
and in any event, 1 100 nm is the upper wavelength for a device fabricated on a 
silicon substrate, such as IC 210. As noted, by emitted light pulses having a 
specific wavelength, and by filtering out incoming light of different wavelength, 

20 system 200 is operable with or without ambient light. If substrate 50 contained, 
for example, raised ridges defining the outlines of virtual keys, a user can literally 
type in the dark and system 200 would still function properly. This ability to 
function without dependence upon ambient light is in stark contrast to prior art 
schemes such as described by Korth. As noted, even for users who are not 

25 accomplished touch typists, the present invention may be used in the dark by 
providing an image of a virtual keyboard on the display of companion device 80. 

As noted, lens 288 preferably focuses filtered incoming light energy onto sensor 
array 230 such that each pixel in the array receives light from only one particular 
30 point (e.g., an object surface point) in the field of view. The properties of light 
wave propagation. allow an ordinary lens 288 to be used to focus the light onto 
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: : the sensor array, if a <ens is required to focus the emitted light, a single lens 
could be used for 288, 288' if a mirror-type arrangernent were useci, 



v % C 'n practical applications, sensor array 230 preferably has sufficient resolution to* - 
=■ :> - ,5 differentiate targetdistances on the order of aboutflpm/ which implies each pixel 
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Considerations involved in recognizing contour of the user's fingers within the 
optical field of view will now be described with reference to Fig. 5, which depicts 
a cross-section of two of the user's fingers. The + symbols show sub-frame 
(intra-f rame) samples of vector distance values for each pixel sensor in array 210 
5 imaging the fingers. Inherent noise associated with the pixel sensors produces 
varying vector distances to the same point of the imaged finger object in each 
acquired sample. To reduce noise and improve signal/noise, the sensor 
averages out measurements for each pixel to produce average values for the 
frame, shown by the O symbol in Fig. 5. The □ symbol in Fig. 5 represents the 
10 corrected average when a template, or set of stored exemplary finger-shaped 
cross-sections, is used by routine 285 to interpret the average values. Thjs 
method enhances distance measurement accuracy, and reduces ambiguity in 
recognizing the user's fingers. 

1 5 Data capture noise can affect the minimum frame rate needed to recognize the 
user's fingers and determine finger motion and velocity. In TOF-based imagery, 
as used in the present invention, pixel-level noise manifests itself as variations 
in distance values for a given pixel, from one frame to another frame, even if the 
imaged object remains stationary. 

20 

For ease of illustration, the keyboard images depicted in Figs. 1A and 2A, 2B 
were drawn as a matrix, e.g., uniform rows and columns. But in practice, as 
shown partially in Fig. 6, standard QWERTY-type keyboards (and indeed 
keyboards with other key configurations) are laid out in an offset or- staggered 

25 configuration. The present invention advantageously reduces the requirement 
for Z-axis resolution by taking into account the staggering of actual keyboard 
layouts. Thus, the second row from the top of a keyboard is shifted slightly to the 
right, and the third row (from the top) is shifted further to the right, and so on. 
This staggering places the keys in each row at an offset position with respect to 

30 the keys in the adjacent row. By way of example, note the keyboard letter "G" 
in Fig. 6. Dotted rectangle 400 indicates allowable latitude given a user in 
striking the letter "G M , e.g., any virtual contact within the rectangle area will 
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unambig uously be interpreted as user finger contact on the letter "G", The height 
of this rectangle, denoted by Z is the maximum error marg in allowed in detecting 
Z-axis coordinate. Note that this margin js greater than the height of a single 
• ,m row R in a QWERTY keyboard/ It is also noted that the region of recognition f of 
^t ? -J| v a key need hot be rectangular, and may &e;$f ;#ny /^asorobl.^- ^ap£7 f° r 
i7 .v^ r r. t ^ example, an ellipse.centered at the key; V^W * r,\ v < \ -a - ^ 

As acquired frames of 1^ree<limej(8!^^d^ta bejrajriQ ay^ilabJfctppPU 27Qapd 
to routine 285, recpgpitjori of the userVfingen? frpm Ifje'ig^iijre^^ata proceeds. 
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Using contour of the finger tips, routine 285 uses Z-axis distance measurements 
to determine position of the fingers with respect to the rows of the virtual 
keyboard, e.g., distance Z1 or Z2 in Fig. 1A. As noted, the granularity of such 
axis measurements is substantially greater than what is depicted in Fig. 1A. X- 
5 axis distance measurements provide data as to fingertip position with respect to 
the columns of the virtual keyboard. Using row and column co-ordinate numbers, 
software 285 can determine the actual virtual key touched by each finger, e.g., 
key T by the left forefinger in Fig. 1 A. 

10 To help the user orient the fingers on a particular virtual input device such as a 
keyboard, numeric pad, telephone pad, etc M software within the companion 
device 80 can be used to displaya ^pftjseyboard on a screen 90 associated with 
the device (e.g., a PDA or cellular telephone screen), or on a display terminal 
coupled to device 80. The soft keyboard image will show user finger positions 

1 5 for all keys on (or close to) virtual keyboard 50, for example by highlighting keys 
directly under the user's fingers. When a key is actually struck (as perceived by 
the user's finger movement), the struck key may be highlighted using a different 
color or contrast If the virtual keys are not in a correct rest position, the user can 
command the companion device to position the virtual keyboard or other input 

20 device in the proper starting position. For instance, if the user typically begins 
to key by placing the right hand fingers on home row J, K, L, and ":" keys, and 
the left fingers on F, D, S and A keys, the software will move the keys of the 
virtual keyboard to such a position. 

25 Vertical Y-axis motion of the user's fingers is sensed to determine what virtual 
keys on device 50 are being typed upon, or struck. While typing on a mechanical 
keyboard several fingers may be in motion simultaneously, but normally only one 
finger strikes a key, absent double key entries such pressing the CONTROL key 
and perhaps the T" key, or absent a typographical error. In the present 

30 invention, software routine 285 determines finger motion information from 
successive frames of acquired information. Advantageously, the human hand 
imposes certain restrictions upon finger motion, which restrictions are adopted 
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in modeling an imago of the user's hands and fingers. For example, ia. 
connectiveness prope rty of the fingers imposes certain coupling between^ 
movement of the fingers. The degree of freedom at the finger joints gives certain: 
' r > freedom to each finger to move, for example to move nea rer or further from othe| 
, v & fingers. Routine 285 advantageously can employ several Heuristics to deterrritpe 
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Templates are understood to be predefined models of different typing posture for 
different users. This class of templates is based upon analysis of a population 
of system users, whose various typing styles will have been classified. It is to be 
noted that the templates may be derived from examples of input data (e.g 
5 examples of data collected by observing fingers in typing position) or from a 
preprogrammed mathematical description of the geometrical properties of the 
objects to be tracked (e.g. a cylindrical description for fingers). The resultant 
templates may be created at the time ROM 280 and especially routine 285 is 
fabricated. Since the position and shape of keyboard keys imposes certain 
10 commonalities of style upon users, it will be appreciated that the number of 
predefined templates need not be excessively large. 

Preferably individual users of the present invention can also construct their own 
dedicated templates using a training toot that guides the user through the steps 

1 5 needed to build a template. For instance, a training program portion of software 
285 can present on display 90' commands telling the user to place his or her 
fingers in typing. position on the virtual keyboard, if present, or the work surface 
in front of the companion device 80. The training program will then tell the user 
to repeatedly press a virtual key under each finger. Optically capturing thumb 

20 movement can be treated as a special case since thumb movement differs from 
finger movement and typically is restricted to repressing the space bar region of 
a virtual keyboard or work surface. 

In building the template, it is desired to construct a classification of the objects 
25 in the template image as being the different fingers of the user's hands. As 
described in further detail following, this method step collects information for the 
classifier or algorithm routine as to the physical properties of the user's hand. 
Later, during actual typing, the classifier uses this template to quickly map image 
in acquired frames to each user's fingers. As part of the template construction, 
30 preferably a mapping of the positions of the user's fingers to specific keyboard 
keys at a rest position is defined. For instance, routine 285 and CPU 270 can 
instruct the companion device 80 that, at rest, the user's left hand fingers touch 
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the :"A", "S", "D" and "F" keys, and the user's right hand fingers touch the "J", "K", . \ 
. . "L", and ":" keys. Such method step personalizes the virtual keyboard to the style ^ 



of a particular user- This personalization process is darned out once and need; 
; not be repeated unless the user's typing postu re changes substantially to wher| 
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An overlay grid-like matrix or table is shown in Fig. 7A, in which various regions 
have quantized digits representing a normalized vector distance between the 
relevant surface portion of a user's finger and sensor 20. It is understood that 
these quantized distance values are dynamically calculated by the present 
5 invention, for example by software 285. In the mapping shown in Fig. 7A, low 
digit values such as 1, 2, represent close distances, and higher values such as 
7, 8 represent large distances. The "d" values represent perceived 
discontinuities. Depending on the technology associated with sensor 20, values 
of "d" may oscillate widely and can indicate the absence of a foreground object. 
10 In Fig. 7A, the quantized distance values indicate that the user's left thumb is 
farther away from sensor 20 (as indicated by relatively high distance values of 
Cr 7 and 8) than is the user's left forefinger, whose distance values are relatively 
low, e.g., 1. It is also seen that the user's left little finger is in generally more 
distance from sensor 20 than is the user's forefinger. 

15 

The central portion of Fig. 7A is a table or matrix showing the normalized 
distance values and, where applicable, "d" entries. A similar table is also shown 
in Figs. 7B-70. The table entries cart, represent contours of user fingers, and 
shading has been added to these tables to assist in showing potential mapping 

20 of distance data to an outline of the user's fingers. Arrows from the FOV portion 
of Fig. 7A pointing to columns in the table indicate how various columns of data 
can indeed represent contours of user finger position. In the tables shown in 
Figs. 7A-70, circled numbers "1", "2" ... "5" depict contours corresponding to 
perceived location of the users left thumb (finger "1"), forefinger, middle finger, 

25 ring finger, and little finger (finger "5") respectively. 

As described earlier, templates preferably are used in the present invention to 
help identify userfingerpositions from data obtained from sensor 20. Templates 
can assist classification algorithm (or classifier) 285 in distinguishing boundaries 
30 between fingers when discontinuities are not necessarily apparent. For example, 
in Fig. 7A, the third and fourth user's fingers (fingers 3 and 4) are relatively close 
together. 
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Shown at the bottom o : Fig, 7A is a dynamic display of what the user is typing," 
based upon analysis by the present invention of the sensor-perceived distance, 
\^U^Vy'yalties, dynamic velocity values, as well as heuristics associated with the pveralj . ^ 
- i task of recognizing what keys (real or virtual) are being pressed at what time, ••• 
,. ! .-5, Thus, at the moment captured in Fig, JA, the user's left forefinger (finger £) 
* appears to, have just typed the letter "f'v perhaps in the sentenofe."Thf .jgujck 
tifom fbS jMn^d p v^v|he ||zy dog", as th^'^|Hially ; typed phrase 1 00 might 
_k ( appear on display 90 of a ppmpariiojn device 80, < ; -<v • ^ t 9 r-.T 
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movement of active fingers by searching for a key stroke finger motion and by 
determining coordinates of the point of impact between the user's finger and a 
location on a virtual keyboard or other work surface. A third "mapper" module 
maps the impact point of a user finger to a specific key on the virtual keyboard 
5 and sends a key event to the companion device 80. These exemplary modules 
will now be described in further detail. 

The role of the classifier module is to make sense of the contour map of the 
scene generated by sensor 20 at each frame of optically acquired data. The 

1 0 cluster module will identify clusters that have certain common properties such as 
being part of the same surface. Importantly, the classifier will label each cluster 
so that the same cluster can be identified from other clusters in successive - „ 
frames of acquired data. The classifier also determines the boundaries of each 
cluster, and specifically determines the tip of each cluster, which tip maps to the 

1 5 tip of user fingers. The goal is not recognition of user fingers per se, in that for 
all intent and purpose the user could be holding a stick or stylus that is used to 
press virtual keys or virtual locations of keys. Thus the above-described 
template is used primarily to give meaning to these clusters and to assist in 
forming the clusters. 

20 

One method of clustering or locating clusters is to use a nearest neighbor 
condition to form nearest neighbor partitions, in which each partition maps to 
each finger of the user. Such mapping would result in five partitions for the 
user's left hand, and five partitions for the user's right hand, in which left hand 
25 and right hand partitions can be treated separately. 

One method of partition formation is based on Llyod's algorithm. Details of this 
algorithm, which is well known in the field of image processing, may be found in 
the text Vector Quantization and Signal Compression by Allen Gersho and 
30 Robert Gray, see page 362. By way of example, let C t = {c,; i=1,..5} be the set 
of partitions for one hand. In each partition a set of points P u = {r: d(r, q) < d(r,C|); 
for all j <> i } is defined, in which function d() is a measure of the distance 
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';'*'"'• between two points in the set. If d(r, q) = d(r,Cj), the "tie" can be broken by 
-,/:J.-' * , placing the point in the set with a lower index. For two points a and b, d(a,b) can > . ^ 
CT.J be defined as CK sr x t ^+(y^y i ft(z ir z t ^ s where x, y and z are the axis- 
? ' measurements obtained from sensor 20, A function center(P,,) can be defined 
5, - as the center of gravity or centroid of the points ^in^r^New^^ne^Q^ - 
lcafft '{center(P, <)f 1=1,. ,5}, Using the" new Sentroids, Hti car) be^fdund, as jaboyi. 
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In Figs. 7D-7E, a pointing arrow is added to show the direction and the tip of the 
perceived cluster (e.g., user finger). Cluster or finger movement is upward in 
Figs. 7D-7F, with Fig. 7F representing a maximum upward position of the user's 
finger, e.g., a maximum Y-axis location as determined by sensor 20 acquired 
5 data. In Figs. 7G-7H, the cluster orfinger is now moving downward, e.g., toward 
the virtual keyboard 50 or work surface 60. In Fig. 71, contact of the user's finger 
with a virtual key or key location on a work surface is perceived. 

Vertical velocity of a finger tip may be computed by routine 285 (or other routine) 
10 in several ways. In a preferred embodiment, the tracker module computes 
vertical velocity of a user's fingertip (identified by the classifier) by dividing the 
difference between the highest and the lowest position of the fingertip by the 
number of frames acquired during the sequence. The velocity is computed in 
terms of Y-axis resolution by number of frames, which is independent of the 
15 frame rate per second. To register a key strike, this computed Y-axis velocity 
must be equal or higher than a threshold velocity. The threshold velocity is a 
parameter that used by software 285, and preferably is user-adjustable during 
the personalization step, 

20 Figs. 7J-7Q depict matrix tables in which a more complex sequence showing 
movement of the user's left forefinger (finger 2) in a down-and-back direction. 
In Fig. 70, this finger motion is shown culminating in a key stroke on a key in the 
first row of the virtual keyboard (or location on a work surface in front of device 
80 where such virtual key would otherwise be found). 

25 

Referring now to the mapper module, the tracker module will signal the mapper 
module when it determines that a keystroke has been detected, and the tracker 
module passes the clustertip (X,Y,Z) coordinates of the clustertip. The mapper 
module uses the Z-axis value to determine the row location on the virtual 
30 keyboard, and uses the X-axis and Y-axis values to determine the key within the 
row. Referring for example to Fig. 1 A, a coordinate (X, Y,Z) location (7,0,3) might 
signify the letter U T" on a virtual keyboard. Again it is understood that the various 
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; modules preferably comprise portions of software routine 285, although other 
Vi routines including routines executed other than by CPU 285 may instead be 



5 Modifications and variations may be made to the disclosed embodiments 
without departing from the subject and spirit of the invention as defined t>y the 
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WHAT IS CLAIMED IS : 

1 . A method for a user to manually input data to a companion 
system using a virtual input device, the method comprising the following 
steps: 

5 (a) providing a sensor able to capture three-dimensional positional 

information of relative position of at least one user digit with respect to a work 
surface upon which the user may input data with said user digit; 

(b) processing information captured by said sensor to determine 
whether said user digit contacted a portion of said work surface and if 

10 contacted to determine location of said contact; and 

(c) outputting to said companion system digital information 
commensurate with said location of said-contact. 

2 f The method of claim 1 , wherein said sensor captures said 
15 information using time-of-flightfrom sensor, to a surface portion of said user 
digit 

3. The method of claim 1, wherein step (a) includes providing a 
solid state sensor having an aspect ratio less than about 2:1. 

20 

4. The method of claim 1 , wherein said user digit is selected from a 
group consisting of (i) a finger on a hand of a user, and (ii) a stylus instrument 
controlled by a hand of a user. 

25 5. The method of claim 1 , wherein said work surface is selected 

from a group consisting of (i) three-dimensional space, (ii) a physical planar 
surface, (iii) a substrate, (iv) a substrate bearing a user-viewable image of an 
actual keyboard, (v) a substrate upon which is projected a user-viewable 
image of an actual keyboard, (v) a substrate upon which is projected a user- 

30 viewable typing guide, (vii) a passive substrate bearing a user-viewable image 
of an actual keyboard and including passive key-like regions that provide 
tactile feedback when pressed by said user digit, and (viii) a substrate that 
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. . when deployed for use measures at least 6 1 ' x 12" but when not used 
• • measures less than about 6" x 8". ^'"K 

I >. : >. v <: 6 V The method of claim l t further including providing said a user of # 

, :VV ,-• 5 sal8%etfiB^WKh feedback guiding placement of said user digit, safd feedBack B 
including at least one type of feedback selected from a group consisting ^ 
tactile ^feedback emulating tiser-ty^ (ii) audible 

r>; -bh'sajd' cpmpanibn'devjQ^depi gri .[mage of at least one keyboard key, 
ro-fiP ; . ; Jiv) vjsugieedback displayed 

Rip in which keys adjacent to said -digit ar^iVistialiy disMguisned from keys 
torched by said digit and (Hi) visual feedback displayed on said companion 



no^u ©orf^y^Pf'da^ejfete^ from a group consisting of (ty'digita^^^ 
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9. The method of clajm 1 , further including mapping three- 
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1 0. The method of claim 1 ( wherein said user digit includes fingers 
on a hand of a user of said method, and wherein data is captured by said 
sensor in frames, and step (b) includes processing data acquired in 
successive frames to determine three-dimensional position information as to 
5 at least two fingers on said user's hand including a vertical velocity component 
of at least two fingers. 

1 1 The method of claim 1, wherein said companion system includes 
at least one device selected from a group consisting of (i) a PDA, (ii) a 
0 wireless telephone, (iii) a set-top box, (iv) a computer, and (v) an appliance 
adapted to accept input data. 

12. A system for use with a companion device adapted to receive 
digital input manually provided by a user, comprising: 

5 a sensor able to capture three-dimensional positional information of 

relative position of at least one user digit with respect to a work surface upon 
which the user may input data to said companion device using said user digit; 

a processor to process information captured by said sensor to 
determine whether said user digit contacted a portion of said work surface and 
if contacted to determine location of said contact; 

said processor outputting to said companion system digital information 
commensurate with said location of said contact. 

13. The system of claim 12, wherein said sensor uses an energy 
emitting device having an aspect ratio less than about 2:1 , and said 
information is captured using time-of-flight from sensor to a surface portion of 
said user digit. 

14. The system of claim 12, wherein said user digit is selected from 
a group consisting of (i) a finger on a hand of a user, and (ii) a stylus 
instrument controlled by a hand of a user. 
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; 15. The sysem of claim 12, wherein said work surface is selected 

from 3 group. consistirig of (i) three-dimensional space, (ij) a physical planar. - c 
■S; surface, (Hi) a substrase, (iv) a substrate bearing a user-viewable image of an^ 
, ?^ v actual keyboard, (y) g substrate upon which is projected a user-viewable 4 
- 5. /• image pf 3 n actual keyboard , (y) a substrate upon which is projected a user- 
5m£^^Vfev^bif0 iHg Li ide rtyi i) ^ psss iye s li Sstrate beanrig 3^ 

• qjf^ prbyide; ' :/ 
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;a < v ^gllaX^ on said 

30 fj^feMr^^JSing^at; le^l s^^f^ii^d^ saia%istal 
portion, (ii) velocity information forsaLd distal portion in at least'one direction, 
(ili) matching acquired information to template models of said user digit, (iv) 
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hysteresis information processing, and (v) knowledge of language of data 
being input. 

18. The system of claim 12, wherein said processor maps three- 
5 dimensional positions of a distal tip portion of said user digit to keys on an 
actual keyboard, and identifies which of said keys, had they been present on 
said work surface, would have been typed upon, 

19; A system permitting a user to manually input data using a virtual 
1 0 input device, comprising: 

a sensor able to capture three-dimensional positional information of 
relative position of at least one user digit with respect to a work surface upon 
which the user may input data to said companion device using said user digit; 
a processor to process information captured by said sensor to 
1 5 determine whether said user digit contacted a portion of said work surface and 
if contacted to determine location of said contact; and 

a companion device, coupled to receive digital information that is 
commensurate with said location of said contact output from said processor. 

20 20. The system of claim 1 9, wherein said user digit is selected from 

a group consisting of (i) a finger on a hand of a user, and (ii) a stylus 
instrument controlled by a hand of a user, and wherein said work surface is 
selected from a group consisting of (i) three-dimensional space, (ii) a physical 
planar surface, (iii) a substrate, (iv) a substrate bearing a user-viewable image 

25 of an actual keyboard, (v) a substrate upon which is projected a user-viewable 
image of an actual keyboard, (v) a substrate upon which is projected a user- 
viewable typing guide, (vii) a passive substrate bearing a user-viewable image 
of an actual keyboard and including passive key-like regions that emit an 
audible sound when pressed by said user digit, and (viii) a substrate that 

30 when deployed for use measures at least 6" x 12" but when not used 
measures less than about 6" x 8". 
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